Viroids were described 47 years ago as the smallest RNA molecules capable of infecting plants and autonomously self-replicating without an encoded protein. Work on viroids initiated the development of a number of innovative methods. Novel chromatographic and gelelectrophoretic methods were developed for the purification and characterization of viroids; these methods were later used in molecular biology, gene technology and in prion research. Theoretical and experimental studies of RNA folding demonstrated the general biological importance of metastable structures, and nuclear magnetic resonance spectroscopy of viroid RNA showed the partially covalent nature of hydrogen bonds in biological macromolecules. RNA biochemistry and molecular biology profited from viroid research, such as in the detection of RNA as template of DNA-dependent polymerases and in mechanisms of gene silencing. Viroids, the first circular RNA detected in nature, are important for studies on the much wider spectrum of circular RNAs and other non-coding RNAs.
INTRODUCTION
Viroids are single-stranded, covalently closed circular RNA molecules. As a distinct class of pathogens, they are clearly distinguished from viruses by their small size (∼250-400 nt), do not encode any protein and lack a capsid. The phenomenon of a small infectious RNA was described first by Diener (1), Singh & Clark (2), Sänger (3) and Semancik & Weathers (4) . Viroids are infectious for a variety of higher plants including potato, tomato, avocado, ornamental plants and coconut palm, and can cause disease leading to significant agricultural damage. By contrast, viroids have not been observed as infectious agents in animals or humans. Despite some structural similarity, the hepatitis delta virus (HDV) is about 5 times larger and encodes two proteins from one open reading frame (5) . Viroids, as isolated RNA molecules with the complete biology of a virus, received a lot of scientific attraction (6) (7) (8) .
More than a decade after the discovery of the circularity of viroid RNA (9) , cellular circular RNAs (circRNA) were observed as genomic transcripts with potential functions in gene regulation (10) . Thus, viroids were not only molecules of enormous biological interest on their own, but stimulated the developments of new experimental and conceptual approaches. Novel methods of nucleic acid purification and gel electrophoresis developed during viroid research were later applied to nucleic acid research in general. Combining the experimental and theoretical approaches, the concept of metastable structures was developed and could be verified in vivo, when the replication cycle of viroids was studied in detail. The application of the improved electrophoretic methods showed that nucleic acids are not essential for prion infectivity, confirming that prions are indeed infectious proteins. Analysis of a viroid fragment by nuclear magnetic resonance (NMR) spectroscopy demonstrated directly that hydrogen bonds in RNA have partially covalent character. Predictions from evolution theory about the relationship between error rate and genome size were verified with viroids.
In the following we will describe developments in RNA technology. Furthermore basic insights into RNA biology originating from viroid research will be presented. of viroid RNA could not be detected by enzymatic and chemical modification reactions (9) . Potato spindle tuber viroid (PSTVd) was the first pathogen of a eukaryotic host for which the sequence was established (12) . Without reverse transcription at hand at the time, highly purified viroid RNA was enzymatically cleaved into fragments, which were sequenced by nucleolytic degradation and separation by either polyacrylamide gel electrophoresis (PAGE) (13) or two-dimensional chromatography (14) . The full sequence was assembled by hand from the sequences of overlapping fragments. The sequence of PSTVd unequivocally demonstrated that it consists of a single-stranded, covalently closed, circular RNA molecule. The circularity of viroid RNA is essential for the replication cycle; it increases thermodynamic stability and supports the switching between different structural and functional states (see below). CircRNAs are now recognized as a large class of RNA which are non-coding and non-infectious, have a prolonged half-life, function in the regulation of gene expression or are of unknown function (15, 16) .
Circular RNA as basis for autonomous replication
Viroids are replicated by two different rolling-circle mechanisms (Figure 2) , depending on the viroid family: a symmetric cycle with (+)-and (−)-circles in case of Avsunviroidae members (with type species Avocado sunblotch viroid) or an asymmetric cycle with only (+)-circles in case of Pospiviroidae members (with type species Potato spindle tuber viroid) (17) (18) (19) . As non-coding RNAs, viroids have to rely on host enzymes in most steps of their replication cycle. Very surprisingly, DNA-dependent RNA polymerases were discovered to be responsible for viroid transcription from RNA templates (20, 21) , in contrast to the expectation of replication by an RNA-directed RNA polymerase of the host (see below). DNA ligase I (22) and transfer RNA (tRNA) ligase (23) support the circularization of specific viroid monomers from Pospiviroidae and Avsunviroidae members, respectively. The unprecedented finding of cellular DNA-dependent enzymes accepting viroid RNA as template is considered to be due to the particular secondary structure of viroids and other unknown factors.
The first step in the asymmetric cycle of Pospiviroidae members is the synthesis of a linear oligomeric (−)-stranded intermediate by DNA-dependent RNA polymerase II (polII) in the nucleoplasm using the circular (+)-stranded RNA as template. The oligomeric (−)-strand is then transcribed by polII into (+)-stranded oligomers, enzymatically processed to monomers, circularized, and 'stored' in the nucleolus (24) as demonstrated by confocal laser scanning microscopy (25) , an early application of 3D microscopy.
The first step in the symmetric cycle of Avsunviroidae members is synthesis of a linear oligomeric (−)-stranded intermediate by nuclear-encoded polymerase in the chloroplast (21) . The oligomeric (−)-strand is cleaved to monomers by the internal hammerhead ribozyme (HHrz; see below) and circularized (23, 26, 27) . Subsequently, these steps are repeated from (−)-circles to yield (+)-circles (28) .
Characterization of the DNA-like features of viroids by ultracentrifugation with fluorescence detection
The specific binding of viroid RNA to polII and the flexibility or stiffness of the rod-like structure of viroids were studied by analytic ultracentrifugation. The shortage of purified viroid material was overcome by establishing fluorescence detection optics (29) , which is more sensitive than the commercially available ultraviolet (UV) absorption optics by one to two orders of magnitude. A laser beam with the aperture of ∼0.8
• scans the sample cell in radial direction, excites the fluorescent dye ethidium bromide intercalated into the double-stranded regions of the nucleic acids, and absorbed totally in a light trap outside the cell. The fluorescence emission is collected with an aperture of ∼50
• and recorded. In the sedimentation profile, the boundaries of free viroid and viroid-polymerase complexes were clearly separated, with two polymerase molecules bound per viroid confirming electron microscopic analysis (30) .
The stiffness of viroids was compared to that of doublestranded RNA (dsRNA) and double-stranded DNA (ds-DNA). It was observed that viroids are less stiff than dsRNA but similar to dsDNA (31) . In biophysical terms, the persistence length of dsRNA is ∼1200Å, that of ds-DNA ∼600Å, and that of viroids 300Å, confirming the rod-like structure of viroids in solution. The concept of fluorescence optics originally developed for viroid studies was later applied by researchers in other areas, for example in studies on protein-protein interaction (32) (33) (34) (35) .
Gene silencing
It was not obvious for some time whether DNA-dependent RNA polymerase II was the only enzyme involved in PSTVd replication. In Sänger's group, the RNA-directed RNA polymerase from tomato (LeRDR1) was purified to homogeneity, its gene isolated and sequenced, and its enzymatic properties characterized (36) (37) (38) . RDR1 expression is enhanced after viroid (or virus) infection, is not responsible for viroid (or virus) replication, but is involved in control of virus accumulation (39) . The isolation of RDR1 was facilitated by the non-coding nature of viroid in contrast to viruses, which code for and express their own RNAdependent RNA polymerases in large amounts.
The first association of RNA silencing with DNA methylation and suppression of transcription was found with viroids: members of Pospiviroidae are able to trigger RNAdirected DNA methylation of homologous sequences, a process discovered in viroid-infected tobacco plants containing genome-integrated PSTVd complementary DNA (cDNA) copies (40) . Furthermore, viroids are able to induce post-transcriptional gene silencing via viroid-derived small RNAs (41) (42) (43) .
Hammerhead ribozymes--first found in pathogens
While the research groups of Cech (44) and Altman (45) described ribozymes in a cellular context as self-splicing introns and RNase P, respectively, HHrz were first detected in exogenous, infectious RNAs, the satellite RNA of tobacco ringspot virus (46) and avocado sunblotch viroid (26) . In both cases the HHrz cleaves replication intermediates in cis. The catalytic motifs were later shown to be ubiquitously present in the genomes of organisms from all branches of the tree of life (47) (48) (49) . A minimal HHrz consists of only 13 highly conserved nucleotides in a junction loop from which three helical regions consisting of any base pair composition emerge. These observations led to the design and development of trans-acting HHrz (50, 51) . In addition to the minimal motif, natural HHrz encompass tertiary interactions that lower the requirement for divalent cations to those present in vivo (52) (53) (54) . Minimal trans-acting HHrz, however, are only catalytically active at Mg 2 + concentrations that are higher than those available in cells but they can also be designed to include tertiary interactions and thus to act at lower Mg 2 + (55, 56) . HHrz with trans-activity are now considered as drugs to induce post-transcriptional gene silencing (57) (58) (59) (60) .
Viroid error rates--confirmation of a theory in nature
The cellular DNA-dependent polymerases introduce many mutations into viroid progeny sequences, presumably due to the non-physiological nature of the RNA templates (61, 62) . Natural selection acts on existing genetic variants to optimize fitness, termed 'survival of the fittest'. Quasispecies theory predicts that slower replicators will be favored over faster replicators if mutations of the slow replicator give rise to progeny that is similar fit as the parent and mutations of the fast replicator dramatically decrease its fitness. This effect is termed 'survival of the flattest' (63, 64) and was demonstrated with two different viroids: the more slowly replicating viroid--with a lower influence of mutations on the replication rate--outcompeted a faster replicating viroid, if the mutation rate was raised by UV radiation (65) .
The error rates of chrysanthemum chlorotic mottle viroid (66) and eggplant latent viroid (67) , two members of Avsunviroidae, were found to be in the range of 1/1000 to 1/400, while the error rate of PSTVd seems to be lower by a factor of ∼5 (67, 68) . The high error rate observed fits well into the theory of the viral quasispecies developed by Eigen (69) and of the inverse correlation between genome size and replication fidelity (70, 71) .
VIROID PURIFICATION--THE BASIS OF PLASMID-PURIFICATION KITS
In the early days of viroid research, purification of viroid RNA was a tedious procedure (1, 7, 72) . PAGE under denaturing conditions was the method of choice. Identification of the viroid band in the gel had to be carried out by eluting the RNA from many gel slices, followed by testing the content of each slice for infectivity. Figure 3 shows testing the infectivity of different gel slices in tomato plants. Only micrograms of pure viroid RNA could be eluted, which, however, have sufficed for the identification of viroid circles by electron microscopy, early biophysical characterization and extended work of sequence analysis.
In order to obtain larger amounts of viroid RNA for biophysical studies, a chromatographic procedure was developed (73, 74) , in which size exclusion and anionic exchange principles were combined. In Figure 4 the structure of silica modifications with an anionic exchange group is shown. After optimization of the silica gel's pore size and of the elution conditions the chromatographic fractionation of RNA crude extract from viroid-infected plants was achieved ( Figure 5 ). Milligram amounts of highly purified viroid RNA were obtained as required for example for NMR experiments (described below). This chromatographic method also separated supercoiled plasmids from crude bacterial extracts, restriction fragments and oligonucleotides (75) (76) (77) .
A limitation of this method became obvious when the columns were used for plasmid purification in microbiology laboratories: the columns had a slight 'memory ef- fect'; i. e. only minute amounts of one plasmid were eluted when the columns were used in the next run with another plasmid. This observation led to the development of commercially available kits (Qiagen, Hilden, Germany) for single use in plasmid preparation with complete exclusion of cross-contamination. Very soon most researchers realized that the kits now available from several companies were not only safe but also easy and fast to use and less expensive.
OPTIMAL AND SUBOPTIMAL STRUCTURES--A GENERAL PROBLEM OF RNA STRUCTURE RE-SEARCH
Without knowledge of viroid sequences Langowski et al. (78) concluded from optical melting curves of several different viroid RNAs and simulations based on partition functions that the high cooperativity but relatively low temperature midpoints of denaturation point toward a rod-like secondary structure composed of short helices and loops but no or only a low number of junctions. The high cooperativity contradicted a highly branched tRNA-or messenger RNA-like structure, while the low denaturation temperature contradicted a dsRNA-like structure. This view was supported by results from analytical ultracentrifugation experiments that indicated a highly extended structure similar to that of dsDNA but contradicted a more globular shape like that of tRNA (9) .
Gross and his research group (12) proposed a secondary structure of PSTVd based on manually maximizing the number of base pairs taking into consideration the nuclease and bisulfite accessibility data. 'Tinoco plots' (79), a 2D graphic representation of all possible base pairs and their neighbors were applied. Thermodynamically optimal structures at temperatures relevant for interpretation of equilibNucleic Acids Research, 2018, Vol. 46, No. 20 10567 A B Figure 6 . Two examples to the algorithm for prediction of suboptimal structures. The nucleotides are numbered from 1 to N. Sequence parts I and E belong to the 'included fragment' with nucleotide indices from i to j and to the 'excluded fragment' with j ≤ N < 1 ≤ i, respectively. Doubling of memory space (84) in comparison to that used in (83) permitted the algorithm to find for any given basepair i, j the optimal structures in direction of I and E. (A) If the basepair i, j belongs to a structure with minimum free energy, the optimal structure is found. (B) If the basepair i, j is not part of a structure with minimum free energy, a suboptimal structure is found.
rium or kinetic denaturation curves were identified (80, 81) . A plot for the first HDV sequence with close to 1700 nts (82) could only be laid out on several tables (Steger, unpublished) . The RNA folding program of M. Zuker called MFOLD (83) was modified to allow the calculation of thermodynamically optimal as well as suboptimal secondary structures for circRNAs. This enhancement was based on the argument that each basepair at position i, j divides a structure in two parts, the so-called 'included fragment' with nucleotide range i < j and and the 'excluded fragment' with range j ≤ N < 1 ≤ i ( Figure 6 ). A doubling of memory space then permitted to find the optimal structure of both parts in relation to the basepair i, j. If the given basepair does not belong to the structure of minimum free energy, a suboptimal structure is found (84) . At that time we were unaware of the general importance of suboptimal structures and circularity in RNA structure research and published the advanced algorithm as an appendix to (84) . A detailed description of the same algorithm can be found in (85) .
Since their introduction, these programs were enhanced (86-88), included better and more parameters (89) , and enabled the prediction of partition functions (86, 88, 90, 91) or even all suboptimal structures (92, 93) . On the experimental side, structural mapping with 'selective 2 -hydroxyl acylation analyzed by primer extension' superseded previously developed techniques (94) (95) (96) (97) , while combinations of mutational studies and predictions gave insight into the 3D structure of many viroid loops and their functions (98-100).
NOVEL GEL ELECTROPHORETIC METHODS FOR VI-ROIDS, OTHER RNAS AND PRIONS
Since the 1970's, PAGE has become a well established analytical and preparative method. Circular and linear viroids under native and fully denaturing conditions migrate as nar- row, well defined bands. In particular, the circularity of viroid RNA leads to extraordinary low electrophoretic mobility under denaturing conditions, whereas the rod-like native structure behaves similarly to a dsRNA of comparable length. The extraordinary PAGE properties of viroids prompted for other applications (see below).
Two-dimensional and return gel electrophoresis for diagnostics of circular RNA
Denaturing conditions can be established by high concentrations of urea or of other denaturants or by high temperature. In 2D gel electrophoresis, native conditions are established in the first and fully denaturing conditions in the second dimension ( Figure 7 ). All RNAs and DNAs from a crude extract run on or faster than a diagonal-like front ( Figure 7B ); because the sample is a crude extract, isolated bands are not visible. Only the circular viroid RNA is well separated as a clear band behind the front (101) . In a modification of the same principle (Figure 8 ), all nucleic acids running faster than the viroid RNA and in front of the xylene cyanol marker have left the gel in the first dimension. The denaturing conditions were established by changing the running buffer, raising the temperature and reversing the direction of gel electrophoretic migration. The circRNAs Figure 9 . Temperature gradient gel electrophoresis. TGGE analysis of a crude RNA extract from tomato plants infected with PSTVd. A linear temperature gradient is applied perpendicular to the electric field. The sample is loaded into the broad central slot (top). RNAs were visualized by silver staining. The rod-like structure of circular PSTVd (cPSTVd; 359 nt) migrates relatively fast at low temperature; it denatures in a highly cooperative transition (see arrow 1) into a mostly single-stranded structure with at least two extrastable hairpins I and II; these hairpins denature above the main transition (see arrow 2). Linear PSTVd (lPSTVd) molecules migrate proportional to their length after full denaturation and faster than fully denatured cPSTVd. The temperature of the main transition of lPSTVd depends on the site of linearization; lPSTVd is not visible at low temperatures due the low concentration of individual lPSTVd molecules with different 5 -and 3 -ends. The different 7 S RNAs (∼305 nt) are separated at low temperature due to their different thermodynamic stability but co-migrate at high temperature due to their nearly identical length. 5S: 5 S ribosomal RNA (120 nt).
appear to be well separated behind all other nucleic acids (102). Both methods have been applied by several research groups for diagnostic purposes (e. g. (103-105)) ; thus, the use of radioactively labeled or fluorescent oligonucleotides for hybridization could be completely avoided. Viroid-like, circular satellite RNAs, so-called virusoids, were diagnosed by these procedures as well (101, 102) . Not only 3 -5 covalently closed circles but also 2 -5 circles as in lariat structures were analyzed by 2D gel electrophoresis (106, 107) . The advantage of return gel electrophoresis is due to the ability of analyzing more samples in a single gel and to the lack or requiring repolymerization of a second gel.
Temperature gradient gel electrophoresis for conformational analysis of nucleic acids and proteins
Denaturing conditions were applied also as a continuous gradient in one and the same gel but in the second dimension, either as denaturant gradient or as temperature gradient gel electrophoresis (TGGE). Thus, continuous structural transition curves can be visualized. Temperature gradients have the advantage over denaturant gradients that handling is easier and the transition curves correlate better with optical melting and theoretical transition curves. Figure 9 shows the TGGE analysis of a crude RNA extract from tomato plants infected with PSTVd. The rodshaped secondary structure of circular PSTVd (cPSTVd) has a relatively high electrophoretic mobility at low temperature; it denatures completely in a highly cooperative main transition (see arrow 1 in Figure 9 ) into a mostly singlestranded structure with at least two extra-stable hairpins I and II (see below); these hairpins denature above the main transition (see arrow 2 in Figure 9 ). The branched hairpincontaining structure and especially the open circle occupy a larger hydrodynamic volume, and thus migrate much slower than the rod-like structure.
The advantage of TGGE over optical melting curves are also obvious from Figure 9 (108): co-existing structures and transition curves of different RNAs are demonstrated as well-separated transition curves, mono-and bimolecular transitions are differentiated, mixture of mutants even with single nucleotide mutations are shown as separated transition curves, and even in a crude extract the transition curve of a specific RNA can be analyzed, if a radioactive or a fluorescent probe is used for staining (108, 109) .
The TGGE method subsequently was applied to the analysis of protein denaturation and of protein-nucleic acid interactions (110, 111) . Screening for thermostable or thermolabile mutations was an obvious and simple application (112) .
Analysis of prion samples by return refocusing gel electrophoresis
Based on the experience with viroids it was challenging and exciting to identify or rule out nucleic acids of unknown nature or unknown origin in infectious prion material. The problem was: do such samples contain sufficient nucleic acid to explain the infectivity? In 1982, Prusiner (113) had already claimed the absence of a nucleic acid component based on several aspects of experimental evidence. Since direct evidence by an infectious prion protein gene was obtained only more than 20 years later (114, 115) , the search for a potential prion-specific nucleic acid was an urgent problem in the late 1980s and early 1990s. The unknown but potentially essential nucleic acid could be a priori DNA or RNA, circular or linear, single-or double-stranded, chemically modified and possibly heterogeneous in size. The only generally applicable and sensitive detection method was silver staining (116) , but silver staining shows limited sensitivity with heterogeneous nucleic acids and detects also proteins (116, 117) .
When comparable amounts of control nucleic acids (3 × 10 10 molecules) and highly purified but still infectious prion units (1.2 × 10 10 ) were analyzed by 9 or 15% PAGE, respectively, control nucleic acids (viroids and even decameric deoxyoligonucleotides) were detectable but no nucleic acid band in the prion containing sample, except fast migrating bands, possibly peptides. If, however, the potential prion nucleic acid would be heterogeneous in length, it would not be detected. Return-gel electrophoresis was applied in order to separate proteins from nucleic acids and to detect heterogeneous nucleic acids with high sensitivity (Figure 10 ) (118, 119) . Electrophoresis in both directions were carried out for the same running time in 8 M urea, i. e. nucleic acid denaturing conditions, but the buffer in the second direction contained 1% sodium dodecyl sulphate (SDS). The pres- (118)). The dashed lines are linear regression lines of the experimental values leading to P/I = 1 at ∼50 and 100 nt average length of the nucleic acid. Due to the clearance effect in the animal brain only 4% of the injected infectious particles are present after 20 h and induce further infectivity; consequently, only 4% of the inoculum could be essential for infectivity (for further details see (118)). When the data were corrected for the clearance effect (vertical arrows and continuous lines), 28 and 50 nt average length, respectively, of nucleic acid molecules were present in one infectious unit. Modified from (119) and (118).
ence of SDS did not alter the electrophoretic mobility of nucleic acids significantly, but transformed the proteins into the well-known peptide-SDS complexes (120) raising their electrophoretic mobility. The gel lane of the first direction was cut into slices, containing for example RNA fragments of 10-20, 21-40, 41-70 nt in length, and polymerized at the bottom of a new gel matrix containing SDS. During the second electrophoresis in the reverse direction all nucleic acids from one slice form one band at their starting position, whereas all proteins migrate faster leaving the gel matrix or at least are well separated from the nucleic acid band. From the nucleic acid bands the total amount of nucleic acids in this slice, e. g. 21-40 nt, could be estimated. The method, termed 'return refocusing gel electrophoresis', permits the calculation of the number of potential nucleic acid molecules (118, 119, 121) . Calculating the ratio of nucleic acid molecules per infectious unit, we concluded from the first analysis that <1 nucleic acid molecule longer than 75 nt was present in one infectious unit, and consequently could not be essential for infectivity. After the improvements of the method and also the preparation procedures and including the clearance correction (118), it was concluded that no nucleic acid longer than 25 nt was present as essential component. In summary, viroids and prions, infectious nucleic acids and infectious proteins, respectively, are both infectious molecules. The methodological developments to characterize infectious viroid RNAs helped to prove the absence of nucleic acid in prions and thereby to confirm the unprecedented phenomenon of an infectious protein (118) .
METASTABLE STRUCTURES IN VIROIDS AS A COM-MON PRINCIPLE IN RNA BIOLOGY
Calculation had shown that the rod-like structure of viroid RNA is unstable at higher temperatures (>70
• C, 1 M NaCl) when the rod-like structure is completely disrupted In the main transition the rod-like structure denatures with high cooperativity in a structure with two hairpins (HPI and II, which denature at even higher temperature (cf. Figure 9 ). (C) Structures containing HPII and further hairpins are thermodynamically metastable, but kinetically favored during and after synthesis of replication intermediates in ionic strength conditions of plant cells.
and two stable hairpins are newly formed (Figure 11 ) (11, 80, 122) . The stable hairpins I and II (HPI and HPII) in PSTVd are statistically highly significant, i. e. would not be present in random sequences, and can be identified at similar positions in most members of Pospiviroidae. The condi-tion of high temperature for the presence of HPI and HPII, however, is irrelevant for any in vivo function in plants. Consequently, at low temperature the stable hairpins may have only a function as thermodynamically metastable structures: 'metastable' meaning that the structure is formed under particular conditions and the transition into the most stable structure is prevented or very slow (123) . Metastable structures may be kinetically preferred: RNA is synthesized at a rate of ∼10 nt/s, and hairpin helices with small loops are formed in the microsecond to milisecond range in newly synthesized RNA segments of 20-40 nt, but their rearrangements into the thermodynamically preferred global structure involving pairing of bases quite distant in the fulllength RNA strand, may occur at a much slower rate. In summary, stable hairpins are formed fast but may be disrupted in a slow process in favor of basepairs characterizing the most stable structure.
Metastable structures in vivo
To verify the theoretical concept of metastable structures in vivo, we introduced several single- (124) or double-point mutations (62) into the HPII helix. The mutation sites were selected to perturb the native structure only marginally. The mutations in the central part of the HPII helix reverted to wild-type sequence, pointing to the importance of HPII, while mutations, either shortening or elongating the helix by a base pair, were stably maintained after infection of tomato plants. In detail, spontaneous reversions were generated during (−)-strand synthesis, G:U pairs were tolerated in HPII helix of the (−)-strand and a diminished stability of the hairpin structure was compensated for by additional mutations outside the HPII helix destabilizing the rod-like structure (62, 124) .
A similar result was obtained in a synthetic chimeric recombinant in which the right half of the rod-like structure of citrus exocortis viroid was replaced by the corresponding half of chrysanthemum stunt viroid. This chimera was non-viable, probably due to a mismatch in the HPII helix. Restoration of the base pairing, and possibly a few additional mutations, in progeny occurring from plants infected with an Agrobacterium strain carrying the recombinant sequence led to viability (125) .
While the appearance and rate of HPII-favoring mutations can be interpreted in accordance with HPIIcontaining structures during replication, structure-specific hybridization with a site-specific oligonucleotide also demonstrated the presence of HPII-containing structures in multimeric replication intermediates of PSTVd in vivo (126) .
Metastable structures in vitro
To quantify the appearance or preference of metastable structures during PSTVd replication, we measured in vitro transcription of PSTVd cDNA inserted into a plasmid downstream from a T7 promoter in dependence on rate and duration of synthesis. Under optimized laboratory conditions, the synthesis rate by T7-polymerase is much higher than that expected for polII using DNA or viroid RNA as templates. The rate of synthesis may be lowered by a decrease in concentrations of nucleoside triphosphates. The resulting structure distribution of the PSTVd transcripts was analyzed by TGGE (109) . Metastable structures were generated preferentially at low transcription rates similar to those observed in vivo. At higher transcription rates, longer products were synthesized before metastable structures of short segments could be formed and more rod-like structures of higher thermodynamic stability were recorded (109) .
Metastable structures in silico
To predict the preferred metastable structures of PSTVd, either generated during synthesis or after rapid cooling from fully or partially denatured states, we developed a method, based on 'simulated annealing', that describes the kinetically controlled folding process of any RNA (127) . Using kinetic data, the process of RNA structure formation and/or structural rearrangements was simulated taking into account the probabilities for opening and closing of randomly selected single base-pairs. Depending on RNA elongation rates, the process of 'sequential folding' during transcription could be described. From the kinetically controlled folding of circular as well as of linear PSTVd the importance of HPI and HPII for the folding pathway was obvious and supported experimental data from kinetics (80, 109) and from the HPII mutagenesis studies (62, 124) .
Unexpected biological features of viroid RNA such as biological functionality of the structure of minimum free energy, of metastable structures and of co-transcriptional or sequential folding of RNA were found. The principles of structure formation emerging from folding kinetics are now widely accepted (128) (129) (130) (131) . The most intriguing examples are riboswitches (132) (133) (134) , which may switch between two mutually exclusive, functional structures due to presence/absence of a ligand, thermosensors (135) (136) (137) , which regulate gene expression in dependence on environmental temperature and pseudoknots, which might lead to frameshifting depending on their thermodynamic and kinetic characteristics (138, 139) . Computational methods based on different algorithms were developed for prediction of the kinetic behavior of RNA folding and design of functional RNA molecules (140) (141) (142) (143) (144) (145) (146) (147) (148) (149) .
EVIDENCE FOR THE PARTIALLY COVALENT NA-TURE OF HYDROGEN BONDS AND ESTABLISH-MENT OF THE BASE PAIRING NETWORK
The left terminal domain of PSTVd, termed T L and consisting of the terminal hairpin loop and three stem regions separated by two internal loops, was probed in a study combining theoretical modeling with nuclease digestion and chemical reactivity (150) . The presence of 2-fold complementary sequence repeats in the T L domain allows for the formation of two possible secondary structures: an elongated-rod and a bifurcated form (Figure 12 ). The problem to differentiate between these conformations was addressed in collaboration with the NMR group of Grzesiek (151) . Milligram amounts of the 69 nt PSTVd-specific T L segment were prepared by T7-polymerase transcription with C 13 and N 15 labeled nucleotides and purified over Nucleogen 500 columns (Macherey-Nagel, Düren, Germany; Figure 4 ). While the elongated structure was clearly confirmed, an additional and unexpected finding resulted from the quantitative interpretation of NMR results (152, 153) . It was observed that nuclear magnetic polarization is transmitted across the hydrogen bond between the donor D and acceptor A nuclei in Watson Crick A·U and G·C base pairs. This two-bond H-bond scalar coupling ( h2 J DA ) follows the same electronmediated polarization mechanism as observed for their covalent counterparts (154) , thereby suggesting that H-bonds possess some covalent character. This has been studied extensively by theoretical studies (155) . Backbone H-bonds in proteins have been detected by h3 J DA -couplings (153,156) and H-bond couplings for non-canonical base pairs have been observed in both RNA and DNA molecules (157) (158) (159) (160) (161) (162) (163) . Hydrogen-bond couplings provide a direct approach to establish unambiguous hydrogen-bond networks in secondary and tertiary structures, and also allow the study of H-bond cooperativity (164) . Whereas before only stacked nucleotides in one strand could be identified throughelectron polarization, H-bond scalar couplings link nucleotides on opposing strands, thereby providing unique structural information.
In conclusion, a study designed to answer detailed questions of viroid structure led to discoveries that are important for chemistry in general, and provided impetus to further characterize physical aspects of H-bond (154) .
ORIGIN OF VIROIDS
The high error rate of viroid transcription, their circular nature, and the presence of HHrz in members of Avsunviroidae led to many speculations on the evolutionary history of viroids. The first documentation of a viroid-infected fruit (etrog, Citrus medica L.) is depicted on a mosaic from the 6 th century CE (165) , while corresponding diseases were described close to 100 years ago (166, 167) . The circularity of viroids reminded of introns (168) , and the HHrz might even stem from the pre-cellular RNA world (169, 170) . As Diener (171) speculated, the 'small size and circularity [of viroids] would have enhanced probability of their survival in error-prone, primitive self-replicating RNA systems and assured complete replication without the need for initiation or termination signals'. However, circRNAs are now recognized as a large RNA class with prolonged half-life (in comparison to linearized RNAs), may act as miRNA sponges and be involved in gene expression and splicing (172) (173) (174) (175) . The HHrz motif is found in many genomes, quite often as tandem repeats, but mostly with unknown functions. More specifically, however, eukaryotic Penelope-like retroelements encode HHrz motifs (176, 177) and may thus be related to viroids, at least those of the Avsunviroidae family.
CONCLUSIONS AND OUTLOOK
This article describes methodological improvements achieved in viroid research as potential paradigm for developments in other areas of basic research. At the onset viroid research was a biologically very attractive subject for structure-function studies. Viroids were an unprecedented phenomenon of a medium-sized, capsid-free RNA molecule with the complex biology of a virus. Improvements of RNA technology developed for the study of viroid biology were applied to other nucleic acid research projects. The characterization of metastable viroid structures or the classification of hydrogen bonding as a partially covalent bond significantly contributed to knowledge in basic molecular biology.
Definitely, viroid research is not at its end but its further contributions to RNA biology or basic biochemistry cannot be foreseen. We consider several research areas of future interest. Particular efforts will be directed toward the agricultural impact of viroids (178) (179) (180) (181) . The host range of viroids is not as restricted as originally assumed (182) (183) (184) but particular environmental conditions can induce viroid transmission to new crop plants, as shown for Matricaria chamomilla (185) and recently for hop (186) . Careful monitoring may help to avoid such transmissions in the future. Locally restricted viroid infections, such as dwarfing of citrus trees for easier harvesting and less water consumption (187, 188) , will require exploration.
Further investigation of viroid structure will be of interest. Structural details of a viroid part were elucidated by NMR (151) , but the complete viroid molecule resisted structural analysis at atomic resolution by x-ray. The improvements in electron cryomicroscopy and atomic force microscopy will bring further insights.
The functional relevance of circular RNA in viroids is different from that of cellular circRNAs, with rolling circle replication differing from back-splicing. However, parallels will be found when the secondary or even tertiary structure of circRNA is characterized. Stability of the RNA in the cellular medium, protection by proteins and segments of the circRNA, which have to be accessible for their function, might be studied in future and further insight might be expected from comparison with viroid features.
